Abstract. Novel BiVO4/CeO2 nanocomposites were synthesized by the hydrothermal method combined with the homogeneous precipitation method. The mole ratios of BiVO4:CeO2 were 0.4:0.6, 0.5:0.5, and 0.6:0.4. The obtained BiVO4/CeO2 nanocomposites were characterized by X-ray diffraction (XRD) for phase composition and crystallinity. Particle sizes, morphology and elemental composition of BiVO4/CeO2 nanocomposites were examined by scanning electron microscopy (SEM), transmission electron microscopy (TEM), and energy dispersive X-ray spectroscopy (EDS). The Brunauer, Emmett and Teller (BET) adsorption-desorption of nitrogen gas for specific surface area determination at the temperature of liquid nitrogen was performed on all samples. UV-vis diffuse reflectance spectra (UV-vis DRS) were used to identify the absorption range and band gap energy of the composite catalysts. The results indicated that BiVO4/CeO2 samples retained monoclinic scheelite and fluorite structures. The morphologies of nanocomposite samples consisted of rod-like, plate-like and spheroidal shapes. Specific surface area (SSABET) of the novel synthesized catalysts drastically increased from 38-62 m 2 /g whereas an average BET-equivalent particle diameter (dBET) significantly decreased from 30-12 nm, upon increasing the amount of CeO2 in the BiVO4/CeO2 composite. The absorption spectra of all nanocomposite samples were shifted to the visible region, suggesting the potential application of this novel composite as an active visible-light driven photocatalyst.
Introduction
Water cleaning applications of heterogeneous photocatalysis have been widely investigated in the past 10 years [1] . Photocatalytic activity of cerium dioxide (CeO2) with wide band gap energy of 3.2 eV has been intensively studied under UV irradiation due to its non-toxicity, low cost, and chemical stability [2] [3] . However, the broad band gap energy of this metal oxide limits its further use in solar light and visible light [4] . Therefore, many researches have been focused on narrowing the band gap energy of CeO2 photocatalyst [5] . This can be done either by doping CeO2 with metal/non-metal elements or forming the heterojunction between CeO2 and a narrow band gap semiconductor. By using coupled semiconductor photocatalyst, improved charge separation and thus enhanced photocatalytic activity due to high efficiency of the interfacial charge transfer can be obtained [6] . Therefore, our present study has been devoted to the synthesis of CeO2-based composite catalyst with visible-light photoactivity.
A narrow band gap metal oxide used to couple with CeO2 in this work is bismuth vanadate (BiVO4). BiVO4 has been chosen as a sensitizer due to its high visible-light absorption ability. Normally, BiVO4 exists in three crystalline phases which are monoclinic scheelite, tetragonal zircon and tetragonal scheelite. Among those three crystalline forms, the monoclinic BiVO4 structure was reported to show high photocatalytic activity under visible light irradiation due to its relatively narrow band gap energy of 2.4 eV, compared to the two tetragonal phases with the band gap energy of 3.1 eV [7] . Therefore, the formation of monoclinic BiVO4 phase is preferable with an expectation to shift the photoactivity of CeO2 into visiblelight region and thus enhanced photocatalytic efficiency could be obtained. To the best of our knowledge, preparation and characterization of BiVO4/CeO2 composite have not been previously reported, therefore this work aims to synthesize and elucidate the physical and optical properties of this novel composite material. Many methods used for composite synthesis include hydrothermal treatment, solid state reaction, precipitation, sol-gel, and sonochemical synthesis [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
In the present study, novel BiVO4/CeO2 nanocomposites with different BiVO4:CeO2 mole ratios were synthesized by the homogeneous precipitation coupled with hydrothermal method. The mole ratio between CeO2 and BiVO4 was varied in order to obtain the most suitable composite material used for further application as photocatalyst These processes demonstrated good reproducibility for synthesis of novel BiVO4/CeO2 nanocomposites. In addition, the hydrothermal process used in this work also provides many advantages such as one-step synthesis of nanomaterials, removal of the complicated calcination step, uniform small particle size, high purity product formation and an environmentally friendly synthesis method.
Experimental

Synthesis of BiVO4/CeO2 Nanocomposites
Pure CeO2 was firstly synthesized by the homogeneous precipitation method using cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O) as a cerium precursor. Cerium (III) nitrate hexahydrate 10.9078 g was dissolved in 08% ethylene glycol solution and heated at 50°C until a homogeneous solution was obtained. When the temperature was constant at 50°C, 25 mL of 3.0 M ammonia solution was added dropwise. The obtained suspension was then centrifuged at 5000 rpm for 10 min, washed with deionized water 3 times and then dried in an oven at 80°C for 24h. The powder was subsequently calcined in a furnace at a temperature of 500°C for 1h and finally pure CeO2 was obtained.
Hydrothermal method was employed to synthesize high purity bismuth vanadate (BiVO4) particle by using bismuth nitrate (Bi(NO3)3·6H2O) and ammonium vanadate ((NH4)VO3) as precursors. The solution of bismuth nitrate and ammonium vanadate in 1:1 mole ratio was homogeneously mixed. Then ammonium hydroxide was added dropwise into the previously mixed solution until pH 7 was obtained. Finally, the solution mixture was treated at 120°C for 6h in Teflon-lined stainless steel autoclave. The yellow precipitate was finally dried at 80°C for 24h.
The homogeneous precipitation coupling with the hydrothermal process was employed for the synthesis of BiVO4/CeO2 nanocomposites with BiVO4:CeO2 mole ratios of 0.4:0.6, 0.5:0.5, and 0.6:0.4. The nanocomposite of BiVO4/CeO2 was obtained by mixing the solution of bismuth nitrate and ammonium vanadate with the previously prepared CeO2 powders and then the solution pH was adjusted to 7. The solution was subsequently transferred into Teflon-lined stainless steel autoclave and hydrothermal reaction was carried out at 120C for 6h. Finally, BiVO4/CeO2 nanocomposites were obtained from centrifugation and drying at 80C for 24h.
Characterization
Optical absorbance spectra of the samples were obtained from a doubled-beam UV-vis spectrophotometer equipped with an integrating sphere (UV-vis, Lambda 950). The crystalline phase and crystallite sizes of BiVO4 nanoparticle, CeO2 nanoparticle and BiVO4/CeO2 nanocomposites were determined by powder X-ray diffraction analysis (XRD, Philips X'Pert MPD). The crystallite sizes of pure BiVO4 nanoparticle, pure CeO2 nanoparticle and BiVO4/CeO2 nanocomposites were evaluated according to Scherrer equation L=Kλ(βcosθ), where L is crystallite size, λ is the wavelength of X-ray radiation (CuKα = 0.15406 nm), K is a constant taken as 0.89, β is the full width at half maximum (FWHM) and θ is the diffraction angle at the maximum intensities. Brunauer-Emmett-Teller (BET, Adtosorb 1 MP, Quantachrome) surface areas of the materials were analyzed by nitrogen adsorption-desorption measurement. The morphologies, microstructures, and elemental composition of the as-prepared samples were characterized by scanning electron microscopy (SEM, JEOL JSM-5910LV and JEM-6335F) and energy-dispersive X-ray spectroscopy (EDS) analysis. The morphologies and actual size of all samples were analyzed by transmission electron microscopy (TEM, JEOL JEM-2010). Isoelectric points (IEP) of BiVO4 and CeO2 nanoparticles were also examined by zetasizer nano instrument (ZS Malvern). Figure 1 shows the UV-vis spectra of pure BiVO4 nanoparticle, pure CeO2 nanoparticle and different mole ratios of BiVO4:CeO2 nanocomposites varying from 0.4:0.6 to 0.6:0.4. The relationship between absorption coefficient (α) and incident photon energy (hυ) can be described as Eq. (1) [7] .
Results and Discussion
UV-vis Diffuse Reflectance Spectrophotometry Analysis
where A, Eg and hυ represent constant, the direct band gap energy and incident photon energy, respectively. The onset absorption edges and band gap energies of pure BiVO4 nanoparticle, pure CeO2 nanoparticle and BiVO4/CeO2 nanocomposites are shown in Fig. 1(a) and (b) . The optical band gap of crystalline semiconductor was estimated by the straight-line intercept fitted to a graph from a plot of (αhυ) 2 versus photo energy (hυ) as shown in Fig. 1(b) . The results indicated that absorption edges of all BiVO4/CeO2 nanocomposites were quite similar to each other. However, different absorption band gaps, corresponding to 2.49, 2.77 and 2.46 eV, were observed in the case of pure BiVO4 nanoparticle, pure CeO2 nanoparticle and BiVO4/CeO2 nanocomposites, respectively. Therefore, with the use of the BiVO4/CeO2 composite, enhanced photocatalytic degradation activity in visible-light region is likely obtained. A decrease in band gap energy together with an enhanced absorption intensity of the composite material upon increasing the amount of BiVO4 has been observed as seen from the UV-vis results in Fig. 1 . This phenomenon could be due to many factors such as morphology, crystallite size, phase structure and amount of BiVO4 as previously described in Ref. [18] [19] [20] . Therein, various sizes and morphologies of BiVO4 such as flower-like, plate-like and cuboid-like shapes exhibited different band gap energies and optical absorbance values. These differences were ascribed to i) the specific configuration of sample morphology, especially the hierarchical configuration. Since multiple scattering of UV-vis light within the hierarchical framework could lead to a long optical path length for light transport and an enhanced absorbance and ii) different sizes of BiVO4 (larger particle size would lead to narrower band gap energy). 
XRD Patterns Analysis
, (211), and (015) planes of monoclinic BiVO4 structure according to JCPDS file no. 014-0688. It can be seen that the monoclinic structure was a predominant phase whereas the tetragonal structure presented as a minor component in the composite sample. Diffraction patterns of BiVO4/CeO2 nanocomposites showed the combination of XRD profiles of both CeO2 and BiVO4 nanoparticles structures. The average crystallite sizes of pure BiVO4 nanoparticle, pure CeO2 nanoparticle and BiVO4/CeO2 nanocomposites calculated by Scherrer equation were found to be 30, 6 and 19-22 nm, respectively. Diffraction peaks of BiVO4/CeO2 nanocomposites were broader upon increasing CeO2 amount in the samples. This indicated the existence of smaller particle sizes in the nanocomposite containing high CeO2 content. Fig. 2 . X-ray diffraction patterns of pure BiVO4 nanoparticle, pure CeO2 nanoparticle and BiVO4/CeO2 nanocomposites in different BiVO4:CeO2 mole ratios.
BET-Specific Surface Area Analysis
BET specific surface areas (SSABET) of pure BiVO4 nanoparticle, pure CeO2 nanoparticle and BiVO4/CeO2 nanocomposites are shown in Fig. 3 together with the BET particle diameters (dBET) which have been calculated by using the formula as follows:
ρBiVO4 and ρCeO2 are the weight densities of BiVO4 (5.90 g/cm 3 ) and CeO2 (7.215 g/cm 3 ), respectively. Pure BiVO4 nanoparticle and pure CeO2 nanoparticle were found to have SSABET of 13 and 150 m 2 /g which corresponded to the BET equivalent diameter of 75 and 5 nm, respectively. In the case of BiVO4/CeO2 nanocomposites, the results clearly showed that upon increasing the amount of CeO2 in the samples, specific surface area were drastically increased from 38-62 m 2 /g whereas the average BET-equivalent particle diameter decreased from 30-12 nm, respectively. Since the particle diameter obtained from BET method is an average value [21] , therefore increasing amount of CeO2 which possesses small particle size in the composite sample could possibly lead to a decrease in an average BET particle diameter. 
Morphology and Microstructure
The morphology and particle size of all samples were investigated by scanning electron microscopy and transmission electron microscopy. Fig. 4 (a) , (b) and (c) shows the SEM images of pure BiVO4 nanoparticle, pure CeO2 nanoparticle and 0.6BiVO4:0.4CeO2 nanocomposites. Pure BiVO4 exhibited in rod-like and plate-like shapes whereas pure CeO2 presented in only spherical shape. So, BiVO4/CeO2 nanocomposites reveal in three mixing shapes involving rod-like plate-like and spherical. Nevertheless, the presence of very small spherical-like CeO2 can be found from the TEM image in Fig. 5(c) . Accurate sizes and morphologies of the obtained samples were further investigated by TEM analysis. EDS spectrum of 0.6BiVO4:0.4CeO2 nanocomposites (Fig. 4(d) ) also indicated the existence of Bi, V, Ce and O elements in the sample. EDS spectrum of 0.6BiVO4:0.4CeO2 nanocomposites (Fig. 4(d) ) also indicated the existence of Bi, V, Ce and O elements in the sample. TEM images as presented in Fig. 5 showed the spherical morphology of CeO2 with particle diameter ranging from 5-10 nm. The size of rod-like BiVO4 was found to be 20-50 nm in diameter and 10-20 µm in length whereas the size of plate-like BiVO4 was about 100-200 nm. Fig. 5 (c) shows the presence of CeO2 particles deposited on BiVO4 surface possibly due to electrostatic attraction as supported by our isoelectric point (IEP) study. The isoelectric points of CeO2 and BiVO4 nanoparticles examined by zeta potential were found to be 7.33 and 4.36 respectively. The IEP results suggested that CeO2 and BiVO4 possess surface positive and negative charges respectively, under the preparation condition of pH 7 which was use in this work. Electron diffraction patterns of pure BiVO4 nanoparticle, pure CeO2 nanoparticle and 0.6BiVO4:0.4CeO2 nanocomposites, showing as insets of Figs. 5 (a), (b) and (c), revealed polymorphic discrete rings of the crystalline materials. The obtained spot ring type of selected area electron diffraction (SAED) pattern indicated that crystals oriented in a number of different directions. Brightness of the ring patterns observed from all samples indicated quite high degree of crystallinity in polycrystals. Radius distance between the rings in electron diffraction patterns was used for determination of lattice d-spacing from equation L=Rd, where; L is camera constant (24.9630 mm Å) and R is the radius from the centre of the inner ring to the next ring. The lattice d-spacing of pure CeO2 nanoparticle and pure BiVO4 nanoparticle calculated from electron diffraction patterns corresponded very well with JCPDS powder diffraction file no. 081-0792 for CeO2 and 014-0688 for monoclinic BiVO4. The calculated lattice spacing of pure CeO2 (Fig. 5(a) ) and pure BiVO4 (Fig. 5(b) ) from SAED analysis were 3.12, 2.70, 1.92, and 1.63 Å which correspond to the (111), (200), (220), and (311) planes of CeO2 and 4.75 and 2.92 Å, to the (110) and (040) planes of BiVO4, respectively [22, 23] . The SAED pattern of BiVO4/CeO2 (Fig. 5(c) ) shows a defined spot pattern, suggesting the single crystal character of the as-synthesized BiVO4/CeO2. Results from electron diffraction analysis were very well in agreement with those from XRD study. 
Conclusions
The novel BiVO4/CeO2 nanocomposites were successfully prepared by the homogeneous precipitation combined with the hydrothermal method. BiVO4/CeO2 nanocomposite in all compositions shifted the absorption onset towards a visible region. Therefore, this novel BiVO4/CeO2 nanocomposite is likely to be an effective visible-light driven photocatalyst. The XRD diffraction peaks of BiVO4/CeO2 nanocomposites corresponded to JCPDS file no. 014-0688 of BiVO4 and JCPDS file no.081-0792 of CeO2. The specific surface area of BiVO4/CeO2 nanocomposite increased upon increasing amount of CeO2 in the composite material. BET specific surface areas (SSABET) of the synthesized samples were found to be in the range of 13-150 m 2 /g and the BET particle diameters were in the range of 5-75 nm. SEM results clearly showed that BiVO4/CeO2 nanocomposites were spherical, rod-like and plate-like in shape. According to TEM results, the size of rod-like BiVO4 was found to be 20-50 nm in diameter and 10-20 µm in length whereas the size of plate-like BiVO4 was about 100-200 nm. The particle size of spherical CeO2 was in the range 5-10 nm in diameter.
